In multicellular organisms, transcription regulation is one of the central mechanisms modelling lineage differentiation and cell-fate determination 1 . Transcription requires dynamic chromatin configurations between promoters and their corresponding distal regulatory elements 2 . It is believed that their communication occurs within large discrete foci of aggregated RNA polymerases termed transcription factories in three-dimensional nuclear space 3 . However, the dynamic nature of chromatin connectivity has not been characterized at the genome-wide level. Here, through a chromatin interaction analysis with paired-end tagging approach 3-5 using an antibody that primarily recognizes the pre-initiation complexes of RNA polymerase II . Our global chromatin connectivity maps reveal approximately 40,000 long-range interactions, suggest precise enhancer-promoter associations and delineate cell-type-specific chromatin structures. Analysis of the complex regulatory repertoire shows that there are extensive colocalizations among promoters and distal-acting enhancers. Most of the enhancers associate with promoters located beyond their nearest active genes, indicating that the linear juxtaposition is not the only guiding principle driving enhancer target selection. Although promoter-enhancer interactions exhibit high cell-type specificity, promoters involved in interactions are found to be generally common and mostly active among different cells. Chromatin connectivity networks reveal that the pivotal genes of reprogramming functions are transcribed within physical proximity to each other in embryonic stem cells, linking chromatin architecture to coordinated gene expression. Our study sets the stage for the full-scale dissection of spatial and temporal genome structures and their roles in orchestrating development.
In multicellular organisms, transcription regulation is one of the central mechanisms modelling lineage differentiation and cell-fate determination 1 . Transcription requires dynamic chromatin configurations between promoters and their corresponding distal regulatory elements 2 . It is believed that their communication occurs within large discrete foci of aggregated RNA polymerases termed transcription factories in three-dimensional nuclear space 3 . However, the dynamic nature of chromatin connectivity has not been characterized at the genome-wide level. Here, through a chromatin interaction analysis with paired-end tagging approach [3] [4] [5] using an antibody that primarily recognizes the pre-initiation complexes of RNA polymerase II 6 , we explore the transcriptional interactomes of three mouse cells of progressive lineage commitment, including pluripotent embryonic stem cells 7 , neural stem cells 8 and neurosphere stem/progenitor cells 9 . Our global chromatin connectivity maps reveal approximately 40,000 long-range interactions, suggest precise enhancer-promoter associations and delineate cell-type-specific chromatin structures. Analysis of the complex regulatory repertoire shows that there are extensive colocalizations among promoters and distal-acting enhancers. Most of the enhancers associate with promoters located beyond their nearest active genes, indicating that the linear juxtaposition is not the only guiding principle driving enhancer target selection. Although promoter-enhancer interactions exhibit high cell-type specificity, promoters involved in interactions are found to be generally common and mostly active among different cells. Chromatin connectivity networks reveal that the pivotal genes of reprogramming functions are transcribed within physical proximity to each other in embryonic stem cells, linking chromatin architecture to coordinated gene expression. Our study sets the stage for the full-scale dissection of spatial and temporal genome structures and their roles in orchestrating development.
Gene regulatory networks are organized by spatial connectivity between distal regulatory elements (DREs) and their corresponding promoters 3 . Many of these DREs, including cell-specific enhancers, were Increasing evidence has shown that DREs can function over long distances 3 , even on a different chromosome 10 from their target genes. However, much of our current knowledge of cell-specific transcription regulation is based on extensive survey of DREs in the linear genome 2, 11, 12 . The direct delineation of genome-wide DRE-promoter interactions is still very limited, and how chromatin structure regulates transcription is largely unknown.
To explore the promoter-associated chromatin interactomes, we used the RNA polymerase II (RNAPII) chromatin interaction analysis with paired-end tagging (ChIA-PET) approach 3 (see Methods) in three murine cell types: embryonic stem cells (ESCs), neural stem cells (NSCs) and neurosphere stem/progenitor cells (NPCs). NSCs and NPCs are two widely used neural development models representing different commitment steps. NSCs are clonally derived early neural stem cells obtained by in vitro differentiation of ESCs 8 , whereas NPCs are neural progenitor cells derived ex vivo from the forebrain telencephalic region 9 . Further examination of their transcription profiles confirms their expected cellular origins (Supplementary Information section 1). Chromatin immunoprecipitation (ChIP) efficiency and ChIA-PET library quality were evaluated (Extended Data Fig. 1 and Supplementary Information section 2) and the data were processed further to estimate reproducibility, noise and coverage (Supplementary Information sections 3, 4). Non-chimaeric, uniquely mapped PETs were used to define three classes of genome-wide information: the RNAPIIassociated binding sites and long-range intra-and interchromosomal interaction clusters (Extended Data Fig. 2 and Supplementary Table 1) . Using two independent approaches-quantitative PCR analysis of chromosome conformation capture (3C) and DNA fluorescent in situ hybridization (FISH)-we were able to validate the defined intra-and interchromosomal interactions (Supplementary Information section 5 ). In all we identified 40,000 RNAPII-bound interaction pairs present from a total of three cell types (Supplementary Table 2) .
Consistent with its role in transcription initiation, this form of RNAPII, with a non-phosphorylated carboxy-terminal domain, tethers most (86-92%) of the chromatin interactions surrounding promoter regions LETTER RESEARCH (62.5 kilobases (kb) of transcription start sites of UCSC known genes). In ESCs, roughly half of the promoter-tethered interactions connect two promoters (P-P), indicating the prevalence of promoter associations in the nucleus. The other half is distributed among promoters connecting to either intergenic (24%; P-inter) or intragenic (20%; P-intra) regions (Fig. 1a) . Similar profiles are also found in NSCs and NPCs (Extended Data Fig. 3a) . Through visual examination of these interactions, we identified many known enhancer-promoter (E-P) interactions, including the genic loci of Oct4, Nanog, Phc1 and Lefty1 (ref. 13) (Extended Data Fig. 4) . Thus, these promoter-centric connectivity maps reveal large numbers of putative enhancers through both the inter-and intragenic interacting loci. In total, we identified 8,309, 4,463 and 3,649 putative DREs in ESCs, NSCs and NPCs, respectively. In ESCs, these distal loci exhibit enhancer characteristics; namely monomethylated histone H3 lysine 4 (H3K4me1) enrichment (P , 1 3 10
24
), occupancy by pluripotent transcription factors and co-activator p300 (also known as Ep300), as well as sequence conservation 14 (Fig. 1b , c and Extended Data Fig. 5 ). Furthermore, approximately half of the multiple-transcription-factor-binding loci (MTL) previously identified in ESCs 12 overlap with these distal interaction sites. These regions also share significant overlap (P , 1 3 10
) with occupancy of mediator, a protein complex known to be associated with enhancers 13 . Last, the expression levels of the genes involved in the RNAPII interactions are significantly higher than those with no detected interaction (P # 2.2 3 10
216
), suggesting that their promoters are transcriptionally more active ( Fig. 1d and Extended Data Fig. 3b) . Interestingly, among all the putative enhancers captured by RNAPII-bound interactions, we found 563 potential 'poised enhancers' connecting to the bivalent promoters 15 . Poised enhancers in ESCs are thought to 'prime' genes for subsequent for cell-type-dependent transcription activity during development 16 .
To directly confirm the in vivo enhancer activities of these nonpromoter distal interaction loci, we carried out enhancer assays in transgenic zebrafish with green fluorescent protein (GFP) reporter genes 17 . Eleven out of 21 selected putative DRE loci drove reproducible and specific GFP expression patterns, indicating their spatiotemporal enhancer activity in zebrafish. (Fig. 2 , Supplementary Table 3 and Supplementary Information section 6). Among them, a poised enhancer of tcf12, a neuronal developmental gene, shows no activity at early developmental stages but displays forebrain-specific activity at later developmental stages in zebrafish (Fig. 2d) . Likewise in mouse, this locus is associated with the bivalent promoter, is bound by Suz12 and exhibits repressive trimethylated H3K27 (H3K27me3) modification in ESCs. This locus subsequently acquires p300 binding in NSCs and in correlation with high Tcf12 expression (reads per kilobase per million reads (RPKM) 7, 119 and 75 in ESCs, NSCs and NPCs, respectively). Taken together, these distal interacting loci presumably not only function as developmental regulators but also retain their targeting specificities across different vertebrates.
These putative E-P interactions defined by ChIA-PET were used to decipher the nature of regulatory elements and their targeted gene associations in mouse stem cells. Being different from many previous studies that assumed proximity as the governing rule for E-P associations 11 , our data suggest that a substantial fraction of these putative enhancers do not select their nearest promoters as their targets. In ESCs, 76% of the putative enhancer nodes interact beyond their closest active genes. Among them, 40% associated with interchromosomal interactions and 36% were involved in intrachromosomal interactions (Fig. 3a) . Similar results were found in NSCs (77%) and NPCs (54%). Distal targeting has been reported in selected cases 10, 18 . Our data suggest that this could be a pervasive phenomenon throughout the genome. Besides long-range targeting, putative E-P interactions also exhibit high specificity for targeted genes and cell types. In all three cell types examined, 60-70% of the total RNAPII-tethered promoters are associated with only one distinct putative enhancer (E:P ratio 5 1) and over 90% of the potential enhancer loci are associated with only one targeted gene (P:E ratio 5 1) (Supplementary Table 4 ). Supplementary Tables 5  and 6 list the numbers of enhancers and promoters associated with each of their corresponding partner nodes in each cell type. Among the cell-specific interactions, the putative E-P interactions are the most prevalent type, suggesting that cell-specific genes targeted by their corresponding enhancers are the most distinctive features of the RNAPIImediated chromatin interactions (Supplementary Table 7 ). For example, Otx1 and Meis2, key forebrain-expressed homeobox genes, are connected with their cell-specific enhancers in NPCs, but not in NSCs. By contrast, NSCs contain specific E-P interactions involving genes expressed in the more posterior neuraxis, early development and in response to FGF2/EGF-like Adam12, VAV3 and Hoxa (Extended Data RESEARCH LETTER Fig. 6 ) are found. When all the interacting promoter and distal nonpromoter nodes are compared separately, only a low percentage of the potential enhancers but a high percentage of the promoter nodes overlap among the three cell types (Fig. 3b, c) , suggesting that the putative enhancers are mostly cell-type-specific but their targeted genes are largely common. When the cell-specific nature of these promoters was evaluated together with their interaction specificity, cell-specific promoters were found to be largely (74-87%) monogamous (E-P ratio of 1:1), whereas the universally expressed promoters are mostly (69%) promiscuous (E-P ratio of $ 2:1) (Fig. 3c) . Supplementary Table 8 lists the 6,092 interacting promoter nodes found in all three cell types, their cell specificity and enhancer connectivity, and examples are shown in Extended Data Fig. 7 . Therefore, we speculate that distinct regulatory elements are used to target ubiquitously expressed genes in different cell types and such widespread differential enhancer usage not only functions to upregulate target genes but can also serve as a distinct mode to organize cell-specific transcription regulatory networks.
To evaluate whether transcription regulatory circuitry is reflected by the cell-specific chromatin organization, we explored the spatial chromatin connectivity of core reprogramming genes 19 (Pou5f1, Nanog, Lin28a, Sox2, Klf4 and Myc) in ESCs through the RNAPII interaction maps. The expression of these key reprogramming genes is known to govern pluripotency in ESCs through coordinated autoregulatory loops 20 . Using connectivity analysis, three Klf genes (Klf1, Klf2 and Klf4) were found to directly link to Sox2 (Extended Data Fig. 8 ). When the network analysis was extended from one to two hops of connectivity, all of the reprogramming genes were found to be connected within one major hub, except for Myc and Lin28a (Fig. 4a) , suggesting that they could be colocalized in the nucleus within the same 'transcriptional factory'. Among them, Nanog and Pou5f1 have limited connected edges whereas Sox2 has extensive connectivity.
Sox2 can reprogram somatic cells to ESCs or NSCs 21 . In ESCs, the Sox2 promoter connects to clusters of ESC-specific enhancers to other pluripotency related genes like Sall1, Asf1b, Dusp6 and Jund (Fig. 4b) . In NSCs, a very different Sox2 connectivity profile is observed (Extended Data Fig. 9 ). Such cell-specific connectivity is mediated through differential enhancer usage. Similarly, distinct connectivity maps constructed by oligodendrocyte transcription factors Olig1 and Olig2, 
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genes important for neural cell fate determination 22, 23 , are found in NSCs (Fig. 4c) and NPCs (Fig. 4d) , respectively. As shown, Olig1 and Olig2 are directly connected to many genes critical for neuronal development in NSCs, including neuropilin (Neto2), Fabp7 and Bsg.
RNAPII-chromatin interacting complexes captured here result from pre-initiation events and not all of them will proceed to active transcription or elongation 24 . Therefore, the rich repertoires of in vivo chromatin interactions presumably comprise a mixture of promoters with various transcriptional activities. Using the wealth of other genomewide transcription and epigenetic data sets, one can further discriminate the transcription states of the identified interacting promoters and derive the significance of different 'transcription factories'.
Our current study illustrates the complexity and dynamics of the underlying chromatin structures in the nucleus; however, we recognize that not all the interactions are functional. With additional ChIA-PET analyses from various forms of RNAPII, deeper sequencing and increased coverage, we expect to capture more promoter-mediated interaction pairs and diverse types of regulatory elements. Before concluding new insights and principles, any functional model made solely from colocalization association has to be examined together with other integrated (epi)genomic information and requires extensive functional validations, like the zebrafish transgenic assays or genome editing tools like CRISPR/Cas 25 . Finally, we expect that the recapitulation of such structure-based framework on a greater diversity of cell types and its integrated analyses shall further elucidate the mechanisms driving genome re-configuration, and to what extent it contributes to transcriptional regulation and cell specification.
METHODS SUMMARY
The ChIA-PET assay was performed using an RNAPII monoclonal antibody (8WG16, Covance) with E14 mouse ESC, NSC NS5 and NPC chromatin extracts. The sequence data were analysed as described 26 . The interactome networks were constructed using non-overlapping genomic regions. Nodes were annotated using the UCSC Genes annotations as 'Promoter' if they were within 2.5 kb of any transcription start site. Interactomes from various gene sets were visualized in Gephi 27 . 'Parallel Force Atlas' layout was used.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Cell culture. Mouse E14 ESCs were cultured under feeder-free conditions in DMEM supplemented with 15% fetal bovine serum (ESC-qualified; Invitrogen), 0.055 mM b-mercaptoethanol (Invitrogen), 2 mM L-glutamine, 0.1 mM nonessential amino acids, 5,000 U ml 21 penicillin/streptomycin and 1,000 U ml 21 of leukaemia inhibitory factor (Chemicon) and maintained at 37 uC with 5% CO 2 . Cells were passaged every 2-3 days using accutase (GIBCO-BRL) 12 . Mouse neural stem cells NS5 were maintained and passaged with trypsin/EDTA or PBS. The cells were split 1:3 to 1:5 every 2-3 days as described 8 . P0 brain-derived neurosphere cells (NPC) cultures were obtained from dissected telencephalons of four mice as described previously 9 , plated in 25-ml flasks and cultured to expand their number in complete medium (2% (vol/vol) B27 in DMEM F12 with Glutamax), supplemented with 10 ng ml 21 EGF, 10 ng ml 21 of basic fibroblast growth factor (FGF) with 0.2% (vol/vol) heparin. Cells were passaged two times, every fourth day (by 0.25% trypsin treatment for 5 min, followed by block with 1 mg ml 21 trypsin inhibitor (Sigma T6522) for 5 min). Neurospheres were then dissociated and cells were seeded at 80,000 per ml in T150 flasks, and expanded by passaging every 4 days in complete medium with EGF, but not FGF and heparin, for 3-5 passages until they reached 1 3 10 9 in number. To confirm that these cells were telencephalic, we further verified expression of some critical telencephalic markers. The neurospheres were then collected, mechanically dissociated and crosslinked for ChIA-PET experiments as described below. ChIA-PET experiments. The ChIA-PET assay was performed as previously described 5 using a monoclonal antibody against the hypophosphorylated form of RNAPII (8WG16, Covance). The cells were cross-linked and the pellets were then snap-frozen in nitrogen. The crosslinked cells were lysed to release the chromatin-DNA complexes followed by fragmentation to an average size of 300 base pairs (bp). The sonicated chromatin-DNA complexes were incubated with the antibodycoated magnetic Protein G beads to immunoprecipitate targeted chromatin-DNA complexes. To determine the ChIP quality, a small portion of ChIP DNA was eluted for quantitative PCR (qPCR) analysis. For ChIA-PET library construction, ChIP-enriched chromatin complexes were polished and divided into two aliquots. To distinguish the intramolecular proximity ligation products from the chimaeras resulting from non-specific intermolecular ligations, two different barcoded biotinylated half-linkers (linker A and linker B) were designed 26 and were ligated to the ends of polished bead-bound-DNA fragments and used to join the juxtaposed chromatin regions. The half-linker-ligated chromatin-DNA fragments were pooled for phosphorylation and proximity-based circularization. MmeI was subsequently used to release the paired-end tags (PETs) that contained internal barcode information. The full-length linkers (AA/BB) resulting from intra-molecular circularization were considered to be non-chimaeric PETs. Conversely, the heterozygous full linkers (AB/BA) resulting from intermolecular ligation were considered to be ligation noises. The biotin-labelled PET constructs were amplified and subjected for sequencing analysis. ChIA-PET data processing. The sequence data were analysed using the ChIA-PET tool 26 . In brief, non-redundant PET sequence reads were first analysed for linker barcode composition and classified as heterodimer AB or BA linkers, or homodimer AA or BB linkers. Next, the linker sequences were trimmed and the PET sequences were mapped to the mouse reference genome (mm9) with up to two mismatches allowed. If a single exact match is obtained, that location is taken as the mapping location of the tag, and the tag is classified as 'unique mapping'. If multiple exact matches are obtained, the tag is classified as 'multiple mappings'. If no exact match is obtained for the tag, a mapping is done with one mismatch allowed, and the result is similarly labelled as 'unique mapping' or 'multiple mappings'. The process is repeated with two mismatches. If there is still no mapping for a tag with two mismatches, the tag is finally classified as 'non-mappable'. Only those PETs with both tags uniquely mapped to the reference genome were considered for further analyses. To further verify that the interactions from the chimaeric PETs were mostly non-specific noise, we performed heat-map analysis to visualize the relationship between PET counts and span of intrachromosomal interactions from chimaeric and non-chimaeric PETs, respectively. As expected to result from random circularization noise, most of the interactions generated by chimaeric PETs were low PET counts and the interaction spans were largely greater than 1 megabase (Mb). Conversely, most of the non-chimaeric PETs were short spans across the genome and the interactions spanned less than 1 Mb.
The PETs with genomic locations from both head and tail tags within 2 bp were further merged to filter the redundancy arising from clonal PCR amplification. The one with largest head coordinate was chosen as the representative genomic coordinates. Using the mapping criteria defined above, the uniquely mapped, nonchimaeric PETs were used for further classification as interchromosomal, intrachromosomal and self-ligation PETs. Inter-chromosomal PETs were defined as the head and tail of the PETs mapped onto different chromosomes. Intrachromosomal PETs were defined as the head and tail of the PETs mapped onto the same chromosome with a genomic distance of . 8 kb. Self-ligation PETs were defined as the head and tail of the PETs mapped onto the genome of # 8 kb and represented ChIP DNA self-circularization. The span distance cut-off between selfligation and intrachromosomal intermolecular ligation PETs was determined using log-log plot analysis of the span distribution on the PET mapping.
A clustering approach was used to identify specific chromatin interactions. On the basis of sonicated chromatin fragment sizes, individual PET mapping locations were extended 1.5 kb 39 and the PETs that overlapped at both ends formed interaction PET clusters. We adopted the hypergeometric model for P value calculations. Such a model takes into consideration the tag counts from both the anchor regions and the sequencing depth to determine reliable interactions, and a false discovery rate cutoff of 0.05 was used. Finally, we performed random shuffling simulations to evaluate the correlation between noise level and PET cluster counts. The simulation broke down the pairing relationship of different PET clusters and the tags were randomly paired to generate simulated PETs. To determine the noise level, we further compared the interaction numbers between simulations versus experimental data and chose the PET cluster counts that kept the noise level below 10%. 3C-qPCR and DNA-FISH validation. In 3C-qPCR, three different controls were used to normalize the qPCR data. First, control templates from bacterial artificial chromosome (BAC) DNA spanning validated regions of interest were generated that contained all possible interactions. These control fragments were used to correct the PCR background of each primer set in the qPCR reactions, to evaluate the primer efficiency and to determine the minimal amount of ligation products. Quantification of these ligation products requires an ''anchor primer' (A) located in one of the interaction anchors, combined with a battery of 'test primers' (T) designed from multiple candidate interacting regions of the locus. Second, to determine the restriction enzyme digestion efficiency, the undigested genomic DNA (UND) was used as a control in qPCR comparison with digested DNA (D). Ct values from qPCR were used to calculate the digestion efficiency: % restriction 5 100-100/2 ' ((CtR 2 CtC) D 2 (CtR 2 CtC) UND ). C refers to PCR-amplified control regions containing no restriction sites of interest, and R refers to PCR-amplified regions across each restriction site of interest. The efficiency of the digestion was above 80%. Third, a control locus from the ubiquitously expressed Ercc3 gene was used to check the quality of each 3C assay. This locus was also used to distinguish relatively frequency between non-functional interactions and physiologically relevant interactions. The values were calculated using the parameters of the standard curve (b: intercept; a: slope) as follows: value 5 10(Ct2b)/a. After qPCR was done with different sets primers, relative crosslinking frequencies were further calculated by: relative interaction frequencies 5 value/(value_ERCC3). The final result was plotted by their locations to the control anchor versus the relative interaction frequencies. A specific interaction was confirmed when a local peak in interaction frequency was observed.
For DNA-fluorescence in situ hybridization (FISH) experiments, E14 mouse ESCs were checked first for their karyotypes to ensure cell quality. Cells grown to 70% confluence were collected by standard hypotonic treatment and acid fixation followed by permeabilization. Next, the cells were fixed in 1% formaldehyde (Sigma) for 10 min, followed by dehydration in an ethanol series. To prepare the probe, BAC DNA was labelled with either biotin-16-dUTP or digoxigenin-11-dUTP (Roche) as per manufacturer's instruction. The specificity of BAC probes was determined by conducting FISH on 40,XY mouse metaphase spreads and visualizing probes hybridization at the expected chromosomal regions. Experimental probe mix consisted of labelled BAC probes for the two interacting regions. Control probe mix consisted of a biotin-labelled probe for one interaction region and another control region on chromosome 16. Denatured probes were applied to denatured slides and hybridized at 37 uC overnight. Slides were washed, blocked with blocking reagent (Roche), followed by incubation with antibodies conjugated with FITC (fluorescein isothiocyanate) (Roche) and anti-digoxigenin-rhodamine (Roche) against the biotin-labelled or digoxigenin-labelled probes, respectively. DAPI (49,6-diamidino-2-phenylindole) counterstain (Vector Laboratories) was then used to stain the nuclei to enable visualization. Slides were then scanned and fluorophores were imaged for fluorescein, rhodamine and DAPI (Zeiss). Images obtained were analysed for fusion probe pairs (distance between probe pairs , 1.12 mm) and non-fusion probe pairs (distance between probe pairs . 1.12 mm). Approximately 300-500 nuclei were analysed. For statistical analysis, two-sided Binomial test was used to determine the significance. Interactions tested were deemed as significant when the two-tailed P value was , 0.05. RNA-seq analysis. Total RNA was isolated and purified from around 1 3 10 7 cells. Approximately 1 mg of mRNA was used for fragmentation with RNase III. Analysis was performed following the protocol and reagent kit provided from Life Technologies Inc., which generates strand-specific RNA reads analysed by SOLiD platform with 1 3 50 bp in length. RNA reads were filtered to remove sequences such as ribosomal RNA, transfer RNA, mitochondrial RNA and repeat sequences, etc. The strand-specific reads were mapped on mouse reference genome mm9 with
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SOLiD whole transcriptome alignment pipeline and analysed by Bioscope (version 1.0.1) analysis pipeline. A split-read mapping approach was also applied to map reads that spanned two exons. Uniquely mapped reads were used to calculate expression values obtained for all RefSeq genes. Expression values were determined as RPKM for coding sequences. Zebrafish enhancer assays. Twenty-one putative DRE loci, including the three validated elements in a mouse ESC luciferase assay, were selected as candidates on the basis of their gene targets, presence of the p300 binding site, interaction specificity and category, distance between interaction anchors and degree of conservation. One-kilobase regions centred around the peaks of the interacting loci were PCR amplified. PCR products were then cloned into the E1b-GFP vector 17 using either Gateway (Life Technologies) or InFusion cloning (Clontech). The cloned reporter constructs were sequence verified and then injected into .100 zebrafish one-cell-stage embryos per construct along with Tol2 mRNA to facilitate genomic integration. Green fluorescence was monitored at five early developmental stages:
sphere (4 hpf)), 75% epiboly (8 hpf), 6 somite (12 hpf), prim-5 (24 hpf) and long pectoral fin (48 hpf). An enhancer was considered positive if $ 25% of live zebrafish showed consistent expression pattern. Bioinformatic analysis. We merged overlapping anchors to produce a list of nonoverlapping nodes. Nodes were annotated using the UCSC Genes annotations (downloaded 5 June, 2012) and then classified as a 'promoter' if the node overlaps with any transcription start site 6 2.5 kb. 'Enhancer' nodes were defined as nonpromoter nodes connecting with promoters. The interactome networks were constructed using non-overlapping genomic regions. Nodes were connected on the basis of the interactions present in ChIA-PET libraries and visualized in Gephi 27 . 'Parallel Force Atlas' layout was used with 'Adjust by Sizes'. Embedded meta-information was used for colour coding.
